ASC-2, a recently isolated transcriptional coactivator molecule, stimulates transactivation by multiple transcription factors, including nuclear receptors. We generated a potent dominant negative fragment of ASC-2, encompassing the N-terminal LXXLL motif that binds a broad range of nuclear receptors. This fragment, termed DN1, specifically inhibited endogenous ASC-2 from binding these receptors in vivo, whereas DN1/m, in which the LXXLL motif was mutated to LXXAA to abolish the receptor interactions, was inert. Interestingly, DN1 transgenic mice but not DN1/m transgenic mice exhibited severe microphthalmia and posterior lenticonus with cataract as well as a variety of pathophysiological phenotypes in many other organs. Our results provide a novel insight into the molecular and histopathological mechanism of posterior lenticonus with cataract and attest to the importance of ASC-2 as a pivotal transcriptional coactivator of nuclear receptors in vivo.
The nuclear receptor superfamily is a group of proteins that regulate, in a ligand-dependent manner, transcriptional initiation of target genes by binding to specific DNA sequences named hormone response elements (for a review, see reference 15). Genetic studies indicated that transcription coactivators without specific DNA-binding activity are essential for transcriptional activation, which led to the identification of many proteins interacting with the C-terminal ligand-dependent transactivation domain of nuclear receptors (for reviews, see references 1 and 19) . These coactivators, including the p160 family, CBP/p300, p/CAF, TRAP/DRIP, and many others, bridge transcription factors and the basal transcription apparatus and/or remodel the chromatin structures.
ASC-2, also named AIB3, TRBP, RAP250, NRC, and PRIP, is a recently isolated transcriptional coactivator molecule which is gene amplified and overexpressed in human cancers and stimulates transactivation by nuclear receptors, AP-1, NF-B, SRF, and numerous other transcription factors (1, 10-12, 14, 24) . In particular, the single-cell microinjection results with ASC-2 antibody demonstrated that endogenous ASC-2 is required for transactivation by nuclear receptors and AP-1 (11, 12) . More recently, ASC-2 was found to exist in a steady-state complex of approximately 2 MDa that contains histone H3-lysine 4-specific methyltransferase enzymes, and chromatin immunoprecipitation experiments demonstrated that this complex specifically binds to the retinoid-responsive ␤-retinoic acid response element and p21 WAF1 promoter regions in a liganddependent manner (Goo et al., unpublished data).
Interestingly, ASC-2 contains two nuclear receptor interaction domains (12) , both of which are dependent on the integrity of their core LXXLL sequences (16, 19) . The C-terminal LXXLL motif specifically interacts with the liver X receptors (LXR␣ and LXR␤), whereas the N-terminal motif binds a broad range of nuclear receptors (12) .
In this report, we show that inhibition of ASC-2 recruitment to nuclear receptors by using a dominant negative fragment of ASC-2 encompassing the N-terminal LXXLL motif results in a plethora of developmental and phenotypic abnormalities in mice, including problems with eye, heart, motor activities, and fat metabolism in liver. In particular, the ocular anomaly provides a genetic and histopathological basis for posterior lenticonus with cataract. In addition, our results clearly establish the importance of ASC-2 in nuclear receptor function in vivo.
MATERIALS AND METHODS
Generation of transgenic mice. For generation of transgenic mice, hemagglutinin (HA)-tagged DN1, a potent dominant negative fragment of ASC-2 encompassing the N-terminal LXXLL motif, and DN1/m, in which the LXXLL motif was mutated to LXXAA to abolish the receptor interactions, were cloned into mammalian expression vector pCAGGS (18) containing the chicken ␤-actin promoter linked to a human cytomegalovirus immediate-early enhancer. These plasmids were microinjected into fertilized mouse eggs of strain FVB. The genotype was determined by PCR and Southern analysis of genomic DNA of tail biopsies. The primers used for genotyping were 5Ј-CTCGAGATGGCCTCCTA CCCTTATG-3Ј and 5Ј-CTAATCTTGCTGACTATTTTTCTTC-3Ј. Five and four lines of transgenic founders expressing DN1 and DN1/m, respectively, in various different tissues were obtained, as demonstrated for transgenic expression by Western blot analysis or immunohistochemistry with anti-HA antibody.
Single-cell microinjection. Single-cell microinjection was executed as described previously (8) . The reporter construct consisted of the ␤-retinoic acid response element promoter driving the expression of green fluorescent protein (␤-RARE-GFP). As an indicator construct for microinjection, cytomegalovirusdriven expression vector for red fluorescent protein (CMV-RFP) was used.
Chromatin immunoprecipitation. Primary mouse embryonic fibroblasts (MEF) from wild-type, DN1-transgenic, and DN1/m-transgenic mice were prepared from embryos and cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum. These cells or 293T cells transfected with the DN1 or DN1/m expression vector were treated with 0.1 M 9-cis-retinoic acid for 40 min. Soluble chromatin from these cells was prepared and immunoprecipitated with the indicated antibodies, as recently described (22) . The final DNA extractions were amplified by using a pair of primers that encompass the ␤-retinoic acid response element region and generate a 288-bp PCR product. The primers used were 5Ј-AAGCTCTGTGAGAATCCTG-3Ј and 5Ј-GGATCCTACCCCGACG GTG-3Ј.
Histological examination and immunohistochemistry. Organs were excised, fixed with 10% formaldehyde, embedded in paraffin, sectioned in 4-m slices and stained with hematoxylin and eosin as described previously (21) . The organs examined were eyes, liver, kidney, heart, lung, spleen, stomach, brain, pituitary gland, gall bladder, and adrenal gland from mouse embryos and postnatal animals.
To measure cellular proliferation in embryonic eyes, pregnant mice were injected intraperitoneally with bromodeoxyuridine (BrdU; Roche) 2 h before necropsy. Embryos were isolated and fixed in 10% formalin. Then 4-m paraffin sections were blocked in 2.5% bovine serum albumin and incubated with mouse monoclonal antibody against BrdU. After washing in phosphate-buffered saline, sections were incubated with fluorescein isothiocyanate-conjugated anti-mouse immunoglobulin secondary antibody (Pierce) and washed with phosphate-buffered saline containing 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (Sigma).
RESULTS AND DISCUSSION
DN1, a specific inhibitor of ASC-2. DN1 encodes ASC-2 residues 849 to 929 and contains the N-terminal LXXLL motif. DN1 exerted a potent dominant negative effect on transactivation by retinoid and other nuclear receptors, whereas DN1/m, in which the LXXLL motif was mutated to LXXAA to disable the receptor interactions, was inert ( Fig. 1A and data not shown). It is important to note that DN1 had no significant effect on the basal level of transactivation by the retinoic acid receptor. In addition, DN1 did not significantly repress transactivation mediated by Gal4 alone or the Gal4-VP16 fusion protein (Fig. 1B) . Similarly, DN1 had no dominant negative effects on transactivation by other transcription factors, including AP-1 and NF-B (data not shown). Importantly, DN1-mediated repression was recovered by overexpressed ASC-2 but not by two well-characterized LXXLL-type coactivators, SRC-1 and TRAP220 (16, 19) (Fig. 1A) . Similar results were also obtained with single-cell microinjections (Fig. 1C) .
In chromatin immunoprecipitation experiments, DN1 but not DN1/m inhibited retinoid-dependent recruitment of ASC-2 to the retinoid-responsive retinoic acid receptor ␤2 and p21 WAF1 promoters ( Fig. 2A and data not shown). In contrast, both DN1 and DN1/m had no effect on the retinoid-dependent recruitment of SRC-1 and TRAP220. These results, along with our recent finding that DN1 but not DN1/m blocks retinoiddependent recruitment of the whole ASC-2 complex (Goo et al., unpublished data), strongly suggest that DN1 exerts its repressive effects by specifically blocking the interactions of the endogenous ASC-2 with nuclear receptors.
Coping with expected embryonic lethality with transgenic mice expressing DN1. Gene targeting approaches to elucidate the role of many coactivators in mice have often been hampered by early embryonic lethality or functional redundancy. From the multiplicity of the ASC-2 target transcription factors, the lack of homologues, and its abundant expression in early embryos (1, 10, 11, 12, 14, 24) , deletion of the ASC-2 gene in mice was predicted to be lethal at the early embryonic stage.
To circumvent this potential lethality problem as well as to unravel the nuclear receptor-specific function of ASC-2 among its multitude of in vivo functions, we took an alternative approach to expressing DN1, a dominant negative fragment of ASC-2 in mice. Thus, any phenotype in DN1-expressing transgenic mice not observed with DN1/m-expressing mice should reflect the in vivo function of ASC-2 specific to DN1-interacting nuclear receptors. The ubiquitously active ␤-actin promoter was exploited to obtain five independent transgenic founder mouse lines that expressed DN1 in various tissues examined (designated DN1-transgenic). Consistent with the cell-based results, retinoid-dependent recruitment of ASC-2 to the retinoic acid response element from the retinoic acid receptor ␤2 promoter was significantly decreased in MEF from DN1-transgenic mice relative to controls, whereas no such effect was observed with TRAP220 ( Fig. 2B ). These transgenic mice showed a variety of pathological anomalies in many different organs (Table 1) . Importantly, these transgenes were not lethal except for the early death of DN1-transgenic mouse 87 with heart failure (within 2 months after birth). The defects included incomplete septum closure as well as thrombosis and hypertrophy of the left atrium of the heart, unusually swollen pituitary and adrenal glands, impaired motor activities, much smaller spleen, fat-loaded liver, congested and inflammatory lung in which COX-2 expression was strongly induced (data not shown), and eyes with microphthalmia and posterior lenticonus with cataract.
Remarkably, at least four independent transgenic lines that expressed DN1/m (designated DN1/m-transgenic) had no such defects and were phenotypically indistinguishable from wildtype mice, allowing us to use both DN1/m-transgenic and wildtype mice as controls. Thus, the defects observed with DN1-transgenic mice must have resulted from the DN1-mediated impairment of the ASC-2-nuclear receptor interactions, faithfully reflecting the in vitro results ( Fig. 1 and 2A) . These results also demonstrate that ASC-2 is pivotal for a variety of developmental functions of nuclear receptors in vivo. Deciphering the specific nuclear receptor(s) responsible for each defect will be a major challenge due to the multiplicity of nuclear receptors that can be modulated by DN1. For instance, among the heart defects that we observed with DN1-transgenic mice, only incomplete septum closure was previously ascribed to deletion of the retinoid X receptor ␣ gene (9) , suggesting that the other heart defects may involve additional nuclear receptors.
Interestingly, the phenotypes observed were nicely correlated with the expression patterns and levels of DN1. For instance, the expression level of DN1 in the eye was significantly greater in DN1-transgenic mice 54, 84, and 87 than in DN1-transgenic mice 71 and 104 (Table 1 and Fig. 3A) . Accordingly, the former group had either bilateral or unilateral eye defects as well as severe embryonic eye development problems, whereas the latter group exhibited only milder, unilateral 
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Pituitary gland redness; swelling Ϫ ϩ Ϫ ϩ ϩ a The relative level of DN1 expression is indicated (Ϫ, no expression detected). Founder lines 54, 84, and 87 exhibited complete penetrance of eye phenotype, though 71 and 104 were incomplete. The severity of the phenotypes in each line was proportional to the expression level of DN1. The founder mouse from line 87, which developed bilateral cataract and microphthalmia ( §), produced only three transgene-positive pups out of 68 total progeny, possibly due to partial embryonic lethality in this line. These pups had no eyes and died from heart failure. ND, not determined. NA, not applicable due to the absence of eye. ખ, unilateral or bilateral defects; ¶, unilateral defects; PHPV, persistent hyperproliferation of primary vitreous.
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on April 7, 2017 by guest http://mcb.asm.org/ defects and no embryonic eye anomalies (Table 1) . Similarly, DN1-transgenic mouse 87, which showed the highest expression level of DN1 in the heart, died with heart failure. In contrast, DN1-transgenic mouse 54 showed no defective heart phenotype at all, consistent with the lack of DN1 expression in the heart. DN1-transgenic mice as a novel animal model for posterior lenticonus with cataract. Cataract, a disease in which the crystalline lens becomes opaque, is the leading cause of blindness (7) . Posterior lenticonus, a rare congenital abnormality (1 out of 100,000) with a conical projection of the posterior lens capsule, is usually accompanied by cataract (4). However, posterior lenticonus is a common cause of unilateral infantile cataract and is responsible for a significant proportion of childhood cataracts (approximately 14% of unilateral cases and approximately 9% of bilateral cases) (20) .
Interestingly, all five transgenic lines expressed DN1 protein in their eyes (Table 1 and Fig. 3A ) and developed microphthalmia and cataracts (Fig. 3B to E) . In addition, histological examination of affected lenses from at least two independent mice (54 and 84 in Table 1 ) indicated posterior lenticonus with numerous vacuolations (Fig. 3G and L) , covered by relatively intact migration of equatorial epithelial cells (Fig. 3I ) but defective posterior lens capsule (Fig. 3K ) in 2-month-old adult mice. Posterior lenticonus is known to occur as a sporadic condition, and its etiology has been widely debated due to the rare occurrence of this condition and the difficulties in obtaining clinical samples (4). However, its possible pathogenic causes have been speculated to include overgrowth of posterior lens fibers, uneven pull on the zonules during embryogenesis, and hyaloid artery traction.
In our DN1-transgenic animals, detailed serial sections of the eyes revealed a persistent connection between the optic nerve and projected posterior segment (Fig. 3M and N) . Furthermore, DN1-transgenic mouse retinas exhibited marked disorganization of cellular layer patterns of the neural retina ( Fig. 3O and P) . From these results, we suggest that posterior lenticonus with cataract derives from persistent traction between the optic nerve and posterior segment of the lens, resulting in rupture or protrusion of a weak and thin part of the posterior lens capsule.
It should be noted that posterior lenticonus is responsible for a significant portion of childhood cataracts, implying congenital or early-onset defects (20) . With our DN1-transgenic animals, ocular abnormalities were also observed when newborns opened their eyes, which prompted us to examine their embryonic eye development. Gross anatomical examination of embryonic eyes (Fig. 4A and B ) and hematoxylin and eosin on April 7, 2017 by guest http://mcb.asm.org/ staining of eyes from embryonic day 13.5 (E13.5) to E17.5 ( Fig.  4C to H) revealed that eyes from DN1-transgenic mice had abnormal lens development. The size of the palpebral fissure was reduced in DN1-transgenic mouse embryo eyes (Fig. 4B) , which may explain the absence of eyes in a severe case (Fig.  3Q) . In normal eye development, the primary vitreous (retrolenticular membrane) disappears by E14 (Fig. 4C , E, and G) (9) . However, the primary vitreous membrane of DN1-transgenic mice did not regress (Fig. 4D, F , and H) and even developed to fuse to the posterior capsule of the lens in adulthood (Fig.  3M and N) . To further examine the proliferation and differentiation status of lens cells, DAPI staining and BrdU incorporation were performed. At E15.5 and E17.5, most of the lens cell nuclei had migrated from the periphery region towards the center in wild-type animals (Fig. 4E, G, and M) . In contrast, higher nucleus density near the posterior surface of the lens and vitreous cavity was observed with the lens of E13.5 DN1-transgenic mice (Fig. 4D and J) , which persisted until E17.5 in the lenses of DN1-transgenic mice (Fig. 4F, H, and N) . These results suggest that the normal proliferation and differentiation process of the embryonic lens cells from DN1-transgenic animals are profoundly impaired.
Consistent with these results, the near posterior surface of the lens and vitreous cavity region of DN1-transgenic mice showed higher DNA replication rates, as indicated by BrdU incorporation (Fig. 4L and O) . Interestingly, this phenotype closely resembles that of persistent hyperplastic primary vitreous (5), a congenital developmental anomaly of human eyes. Taken together, these results further support the hypothesis that traction on the posterior capsule of the lens by remnants of the primary vitreous and the hyaloid vascular system at embryonic stages may cause posterior lenticonus with cataract after birth.
Defect in retinoic acid receptor signaling in DN1-transgenic mice. Cataract in childhood is caused not only by posterior lenticonus (20) but also by dysregulation or mutation of various crystallin genes, the hallmark of normal lens differentiation (7) . The ␣B and ␥F crystallin genes were previously shown to contain functional retinoic acid response elements (6, 23) . Other ␥-crystallin genes were also suggested to have putative retinoic acid response elements (13) . Indeed, reverse transcription-PCR analyses of RNAs from the eyes of E15.5 wild-type and DN1-transgenic mice (17) showed that the mRNA levels of the ␣B, ␥C, ␥D, and ␥F crystallin genes were significantly downregulated in DN1-transgenic mice (Fig. 5A) . These results newly identified the ␥C and ␥D-crystallin genes as functional retinoid-responsive genes. In contrast, expression of other crystallin genes that are not retinoid responsive, notably ␤A3/A1, was unaffected. Similarly, transcription of luciferase reporter constructs driven by the retinoid-responsive promot- ers of the ␣B and ␥F crystallin genes (6, 23) was activated by retinoids in cotransfections and was repressed by coexpressed DN1 but not DN1/m (Fig. 5B and data not shown) . Reverse transcription-PCR analyses of RNAs from MEF from wildtype and DN1-transgenic mice revealed that the mRNA levels of the retinoid-responsive genes CRBPI and retinoic acid receptor ␤2 (3) were compromised in DN1-transgenic mice (Fig.  5C) . Interestingly, deletion of the retinoid X receptor ␣ gene was previously shown to result in development of cataracts and incomplete septum closure in the embryonic heart (9), phenocopying some of the defects observed with our DN1-transgenic mice. In addition, a phenotypic synergy was observed with ocular defects when the retinoid X receptor ␣ mutation was introduced into retinoic acid receptor ␣ or retinoic acid receptor ␥ mutant backgrounds (9) . However, it should be noted that the embryonic lethality and functional redundancy in these retinoid X receptor ␣-deficient mice made it impossible to evaluate ocular defects of the adult stage, such as posterior lenticonus, as described in this report. Overall, our findings strongly suggest that retinoic acid receptor signaling is impaired in DN1-transgenic mice and that the nuclear receptors targeted by DN1 in eye development likely include retinoid receptors.
Our strategy of expressing a specific dominant negative fragment in mice is an excellent alternative to gene targeting approaches, which often result in functional redundancy or early embryonic lethality. More importantly, this approach should facilitate the dissection of a specific function of multifunctional coactivators such as ASC-2, CBP/p300, and SRC-1. As exemplified in this report, DN1-transgenic and DN1/m-transgenic animals enabled us to study the physiological role of ASC-2 with a subset of nuclear receptors that bind the N-terminal LXXLL motif of ASC-2 without complications from a multitude of other nuclear receptors and transcription factors. Similarly, transgenic mouse lines that express another dominant negative fragment of ASC-2 containing the second LXXLL motif, which specifically interacts with the orphan nuclear receptors LXR␣ and LXR␤ (12) , rapidly accumulated a large amount of cholesterol in the liver (our unpublished results), as expected from the known function of LXRs to stimulate the transcription of genes encoding transporters involved in cholesterol efflux (2) .
We conclude that ASC-2 is likely an essential transcriptional coactivator of many nuclear receptors in vivo. Importantly, our studies provide novel insights into the molecular mechanism for the pathogeneses of human posterior lenticonus with cataract (4, 5, 7) . Likewise, these mice will prove to be useful as a unique in vivo model for a variety of pathogeneses and diseases that involve ASC-2-interacting nuclear receptors.
